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Abstract
During the combined commissioning and science run of Virgo in 2010, an extensive noise study revealed that vibrations
of some of the injection/detection optics on the external injection bench (EIB) made a signiﬁcant contribution to the
interferometer’s noise budget. Several resonances were identiﬁed between 10 and 100 Hz of the EIB support structure
and between 200 and 300 Hz of the optics mounts. These resonances introduced a signiﬁcant amount of beam jitter that
would limit the sensitivity of Advanced Virgo. This beam jitter needed to be reduced for Advanced Virgo to reach its
full potential. To eliminate this noise source we developed a seismic attenuation system to isolate the EIB from ground
vibrations: EIB-SAS. It employs vertical and horizontal passive seismic ﬁlters based on negative stiﬀness technology
to attenuate seismic noise by 40 dB above 10 Hz. The isolation capabilities of the system have been characterized up
to 400 Hz with the aid of a custom designed piezoelectric actuated shaking platform. The results of the vertical and
horizontal transfer function measurements are presented.
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1. Background
During the combined commissioning and science run of Virgo in 2010 an extensive noise study was
undertaken. It showed that the external injection bench (EIB) was a source of beam jitter that would have
limited the sensitivity of the detector upgrade [1] under design at the time. The compliance of the bench
support structure resulted into several rigid body modes between 10 and 100 Hz, while the mounts of several
optics situated on this bench had structural resonances between 200 and 300 Hz. When excited, these
resonances let to a signiﬁcant amount of beam jitter noise.
To subdue this noise, a new support structure for the EIB was designed and built at Nikhef: the External
Injection Bench Seismic Attenuation System, or EIB-SAS. It comprises passive isolators with negative
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Fig. 1: Schematic representation of the external injection bench seismic attenuation system.
stiﬀness technology that attenuate ground motion by 40 dB above 10 Hz in all 6 degrees of freedom. Fig. 1
shows a schematic representation of EIB-SAS.
The design of EIB-SAS is derived from a prototype device that was constructed for Advanced LIGO at
Caltech for R&D purposes [2] and which was improved upon at the Albert Einstein Institute in Hanover [3].
2. EIB-SAS
EIB-SAS is a single stage vibration isolation system that employs both passive and active isolation
schemes.
Passive isolation is provided by mechanical resonators with a low eigenfrequencies (typically between
100 and 500 mHz): inverted pendulums (IPs) [4] for the horizontal degrees of freedom, geometric anti-
spring ﬁlters (GAS ﬁlters) [5] for the vertical degrees of freedom. These resonators are second-order low
pass ﬁlters; above their natural frequency f0 they attenuate ground vibrations with f0/ f 2, where f is the
Fourier frequency.
Ground vibrations with a frequency f0 are ampliﬁed by the inverted pendulums and geometric anti-spring
ﬁlters. Feedback control is used to actively lower the quality factors of these modes.
2.1. Passive seismic isolators
As can be seen in Fig. 1, EIB-SAS comprises three inverted pendulums and three geometric anti-spring
ﬁlters. The inverted pendulums carry a springbox that houses the GAS-ﬁlters. The GAS-ﬁlters support the
optical bench which weights ∼900 kg.
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The inverted pendulums [4] consist of a rigid steel tube that is attached to the ground with a maraging
steel joint. The gravitational force on the load of the IPs is counteracted by the restoring force of the
joint. By balancing these two forces i.e. by choosing the proper load and designing a ﬂexible joint with
the appropriate dimensions, the eigenfrequency of the inverted pendulums can (in principle) be tuned to
arbitrary low frequencies. The EIB-SAS inverted pendulums are tuned to 220 mHz.
The GAS ﬁlters [5] consist of eight maraging steel cantilever blades that are set in a radial conﬁguration
with their tips pointing inward. In the center, the cantilever blades are attached to a keystone. The bench
rests on the three keystones. In the radial direction the forces of the cantilever springs cancel. Their forces
in the vertical direction are balanced by the weight of the optical bench. By compressing the blades against
each other stiﬀness (anti-spring eﬀect), that tends to displace the keystone out of its equilibrium position
is superimposed on their ordinary restoring force. By mechanically adjusting the compression rate an arbi-
trarily low value for the vertical natural frequency can be realized. The EIB-SAS GAS ﬁlters are tuned to
390 mHz.
2.2. Digital feedback control
At their resonance frequencies the inverted pendulums and geometric anti-springs amplify ground mo-
tion. Feedback control is used to negate this behavior. EIB-SAS is equipped with displacement sensors
(LVDTs [6]) and inertial sensors (geophones [7]) which sense the bench’s motion. Their information is
combined into virtual sensors, sensitive to only a single degree of freedom4. Appropriate corrections are
calculated for virtual actuators, which act only on a single degree of freedom. These are then converted to
correction signals that are applied with the real voice-coil actuators. Digital signal processing is performed
with a real time PC. The control bandwidth is ∼20 Hz.
2.3. DC positioning
Apart from reducing the quality factor of the rigid body modes of the ﬁlters, the controls also provide
the long-term stability of EIB-SAS. A proportional-intergral ﬁlter is used to correct for long-term drift and
thermal eﬀects. The position of the bench is kept stable with respect to a user deﬁned set point, which is
automatically recovered to within 10 microns/microradians when the controls are engaged. The controls can
compensate for 30 − 300 microns/microradians, depending on the degree of freedom.
Coarse adjustments to the DC position of the bench can be made with stepper motor driven adjust-
ment springs. These are not in-loop. Repositioning the system can be desirable after i.e. works have been
carried out, such as alignment of the optics. During such interventions the system can be locked to the
ground with a kinematic mount locking system. The locked position is reproducible to within 50 − 100 mi-
crons/microradians.
2.4. Tuned dampers
The main rigid body modes of EIB-SAS with frequencies above the unity-gain-frequency of the feed-
back loops are handled by tuned dampers installed on the springbox. Each consists of a 4 kg oscillator in
which strong damping is achieved by means of eddy currents [8]. By adjusting the natural frequency and
the damping strength i.e. adjusting the stiﬀness of the ﬂexure suspension and the number of magnets, each
of the EIB-SAS modes can be optimally damped.
3. Requirements
A number of requirements that EIB-SAS needs to meet were set by the Virgo collaboration [9]. First of
all, the motion of the EIB has to be kept within such limits that beam jitter from this bench will be negligible
for Advanced Virgo. Fig. 2 shows the maximum allowed motion spectrum of the optical bench (black dotted
4As a coordinate frame for the virtual sensors and actuators the Virgo coordinate system has been adopted: z is the direction of the
laser beam exiting the optical bench, y is vertically upward.
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curve), together with the motion spectrum of the EIB on its old support (blue curve). Here, motion refers to
the length of the displacement vector. The requirement can be summarized as: EIB-SAS should not amplify
ground motion at any frequency below 200 Hz and provide some isolation above 200 Hz.
Additionally, the integrated RMS of the displacement of the DC position should stay within ± 20 μm
and ± 10 μrad per 24 hours. The system is required to be able to cope with temperature changes of ± 1°C.
Also, a study had to be conducted on how acoustic noise aﬀects the system.
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spectrum measured at Virgo on top
of the external injection bench on its
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4. Measuring the isolation performance
Because the ground motion spectrum at Virgo diﬀers from that of Amsterdam, the motion of the op-
tical bench on EIB-SAS at our institute cannot be compared directly to the requirement. To determine
whether EIB-SAS fulﬁlls the seismic attenuation request, we measured the displacement transfer function
from ground to bench top. In order to do this, the ground motion at the base of EIB-SAS had to be increased.
Otherwise, there would be no coherence between the sensors on the ground and on the bench, due to the iso-
lation capabilities of EIB-SAS. Therefore, EIB-SAS was mounted on a piezoelectric actuator driven shaker
system. With it the motion at the base of the system could be enhanced such that the motion of the top stage
could be measured up to a few hundred hertz; vertically, horizontally and in the tilt degrees of freedom.
Fig. 3a shows EIB-SAS on the piezoelectric shaker system. EIB-SAS was mounted on a stiﬀ triangular
frame (the yellow frame in the photo). Each corner of the frame was supported by piezoelectric shaker as
shown in Fig. 3b. Each of these shakers contains two piezoelectric stacks; one to actuate in the vertical
direction, one to actuate in the horizontal direction.
Fig. 4 shows a schematic cross section of one of the three actuation elements. A piezoelectric stack, for
vertical actuation, is mounted on a platform which is free to translate in one horizontal direction by means
of two parallel hinges. Horizontal actuation is achieved by means of a second piezoelectric stack which is
mounted on the element frame and acts on the platform.
5. Seismic isolation performance
5.1. Performance of tuned dampers
EIB-SAS has two rigid body modes that are damped with custom eddy current dampers (see section 2.4):
one has a frequency of 36.5 Hz the other of 48 Hz. The entire springbox bounces on the ﬂexures in the top
of the inverted pendulums; at 36.5 Hz they move out-of-phase, so this is a tilt mode; at 48 Hz all four move
in-phase. Fig. 5 shows the vertical transfer function of EIB-SAS with (black curve) and without (red curve)
the 48 Hz eddy current damper. The damper reduces the strength of the mode by a factor 10.
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Fig. 3: (a) Photo of EIB-SAS mounted on the piezoelectric shaker setup. EIB-SAS is mounted on a stiﬀ,
triangular metal frame (yellow structure in the photo). (b) Each corner of the frame stands on a ﬂexure
guided shaker element driven by two piezoelectric stacks; one to shake in the vertical direction, one to shake
in the horizontal direction. Fig. 4 shows a cross section of an individual shaker element.
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Fig. 4: Three piezoelectric shaker ele-
ments are used to drive the base of EIB-
SAS. EIB-SAS rests on three piezoelec-
tric actuators that can vibrate in the verti-
cal direction. These three actuators carry
the full weight of EIB-SAS. They are
placed on a platform that is free the move
in the horizontal direction with the aid
of two hinges. The piezoelectric stacks
that vibrate in the horizontal direction are
pressing against these hinges.
5.2. Transfer function measurements
Fig. 6 shows the vertical (black curve) and horizontal (red curve) transfer functions of EIB-SAS. Both
transfer functions roll oﬀ with f −2 as expected. Around 10 Hz they level oﬀ at approximately −60 dB.
Above 10 Hz a number of structures are visible. The origin of these structures has been investigated with
the aid of Lagrangian and FEM models.
The vertical transfer functions has a structure between 30 and 60 Hz corresponding to vertical/tilt bounc-
ing of the springbox on the IP legs. At 114 Hz there is a peak that is due to a structural resonance of the
springbox. This resonance is not strong enough to require damping. Between 100 and 300 Hz there are a
number of peaks that are also due to structural modes of the springbox. Finally, between 340 and 350 Hz
there are a number of peaks that belong to internal modes of the maraging steel blades of the geometric
anti-spring ﬁlters.
The horizontal transfer function has a peak at 16.8 Hz. This peak is due to a resonance in which the
springbox and optical bench oscillate out of phase in the horizontal (z) direction. This resonance is normally
damped by the feedback control system which had to be disengaged in order to perform these transfer
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Fig. 6: Horizontal and vertical transfer
functions of EIB-SAS. The transfer func-
tions of EIB-SAS decrease proportional to
f −2 up to ∼10 Hz. Above this frequency
the system attenuates ground vibrations
with 20 - 70 dB.
function measurements. Two peaks can be seen between 30 and 40 Hz. These actually belong to a single
resonance of the springbox at 36.5 Hz. This resonance is damped by a custom eddy current damper (see
section 2.4). The resonance occurs as two peaks, because during this measurement the Q-factor of the
resonant damper was not properly matched to that of the mode. The peak at 88 Hz does not belong to EIB-
SAS, but to the shaking system. Above 88 Hz, it is no longer guaranteed that EIB-SAS oscillates properly
in the horizontal direction. In this frequency range the horizontal transfer function measurement has to be
taken as an upper limit. Still, the structures above 100 Hz belong to the springbox.
All in all, EIB-SAS provides 20 to 70 dB isolation in the vertical direction and 30 to 70 dB in the
horizontal direction. This is more than enough to meet the Advanced Virgo requirement.
6. Summary
In order for Advanced Virgo to meet its design sensitivity, the beam jitter noise introduced by the external
injection bench needed to be greatly reduced. A new bench support structure, EIB-SAS (external injection
bench seismic attenuation system), was designed, constructed and tested at Nikhef Amsterdam. This system
utilizes geometric anti-spring ﬁlters, inverted pendulums and feedback control to isolate the optical bench
from ground vibrations.
In order to determine the performance of EIB-SAS and check whether it fulﬁlls the seismic attenuation
requirement, its transfer function was measured with the aid of a piezoelectric shaking system. Mounted on
this system, the base of EIB-SAS could be excited so that there is strong coherence between sensors on the
shaking system and on the bench top.
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We measured the vertical and horizontal transfer function of EIB-SAS between 2 and 400 Hz. EIB-SAS
provides 20 dB of vibration isolation between 340 and 350 Hz, where the internal modes of the blades of
the geometric anti-springs limit the system’s isolation. Outside this frequency range, EIB-SAS provides 30
to 70 dB of isolation. In its current state, EIB-SAS meets the seismic attenuation requirement in the vertical
and horizontal direction by a large margin.
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